, when the echolucent area to plaque ratio is greater than 38.5 (17.1)%, and when the fibrous cap is thinner than 0.7 mm. IVUS can identify plaque rupture and vulnerable plaques. This may influence patient management and treatment. (Heart 1999;81:621-627) Keywords: intravascular ultrasound; atherosclerosis; unstable angina; myocardial infarction; plaque rupture Plaque rupture and the subsequent thrombus formation are major events which lead to complex lesions and contribute to the pathogenesis of acute coronary syndromes such as unstable angina, myocardial infarction, and sudden death.
Plaque rupture and the subsequent thrombus formation are major events which lead to complex lesions and contribute to the pathogenesis of acute coronary syndromes such as unstable angina, myocardial infarction, and sudden death. [1] [2] [3] [4] [5] After plaque rupture, the atheroma can be washed out and an open cavity remains. 1 5 6 Coronary angiography, which provides a silhouette of the vessel lumen, can only indirectly suggest plaque rupture in the form of a filling defect caused by intraluminal thrombus or a contrast filled crater from deep ulceration. 7 8 Intravascular ultrasound (IVUS) oVers a new method of for visualising the coronary artery wall, plaque morphology, and plaque composition, [9] [10] [11] [12] [13] [14] and as such has the potential to identify plaque disruption, as reported in a preliminary study. 15 The purposes of the present study were first, to visualise the characteristics of ruptured plaques and second, to correlate the plaque characteristics with clinical symptoms and to establish a quantitative index of plaque vulnerability with IVUS.
Methods

PATIENTS
In our cardiovascular catheterisation laboratory, we used IVUS after coronary angiography to examine 144 consecutive patients (aged from 35 to 75 years) who present with angina associated with ischaemic ECG changes on exercise. To evaluate unstable patients (within two weeks), we used the clinical classification proposed by Braunwald. 16 All patients provided written informed consent for IVUS examination. Patients with acute myocardial infarction and in an unstable situation, such as cardiogenic shock, who were not suitable for IVUS, were not included.
THE IVUS DEVICE
The IVUS imaging system used in this study has been described previously in detail. 6 7 A 3.5F imaging catheter with a single 20 or 30 MHz element transducer at the tip (Sonicath, Boston Scientific Corporation, Watertown, Massachusetts, USA) was used. The transducer is mechanically rotated within the catheter at 600 to 900 rpm to provide cross sectional images using an ultrasound diagnostic imaging console (Sonos 1000; HewlettPackard, Andover, Massachusetts, USA). The images were stored on 1 ⁄2 inch s-VHS videotape for oZine analysis. An ECG was recorded simultaneously.
PROCEDURE
Each IVUS study was carried out according to a standard procedure. 6 7 After diagnostic coronary angiography, a bolus of heparin (3000 IU) was given by intracoronary injection. An 8F giant lumen guiding catheter (Medtronic, Denvers, Massachusetts; or Cordis, Miami, Florida, USA) was positioned into the coronary ostium of the culprit vessel. A 0.014 inch (0.36 mm) guide wire was inserted into the coronary artery. The IVUS side saddle catheter was guided in a mono-rail fashion into the left coronary artery. The catheter was advanced as far as possible into the target coronary artery. Serial cross sectional images of the vessel were obtained by slowly pulling back the IVUS catheter, with stop frames at 2 to 3 mm intervals. The position of the IVUS probe was documented on x ray film at every stop frame in order to obtain precise matching between the numbered IVUS images and the angiograms. Contrast medium was injected through the guiding catheter in order to enhance the IVUS imaging.
IVUS IMAGE ANALYSIS
The IVUS images were reviewed online by the operator and oZine from the tapes by an independent observer. Plaque rupture (fig 1) was diagnosed by visualising an echolucent zone (cavity) within a plaque, separated from the lumen by a thin echoreflectant structure representing the fibrous cap (type I). Communication between the lumen of the vessel and plaque cavity through a tear on the fibrous cap was also demonstrated by injecting contrast agent (fig 2) . Plaque rupture was also considered when an excavated plaque was found following extrusion of the atheromatous material (ulceration) (type II) (fig 3) . In this case, no fibrous cap was visualised. In nonruptured plaques, the most stenotic segment was selected for analysis. Optimal images at end diastole were selected for analysis using the software built into the Hewlett-Packard Sonos intravascular machine.
The cross sectional area of a vessel was defined as the area inside the echo-dense perimeter of the adventitia, including lumen, plaque, and media. 9 The lumen area was determined using planimetry of the ultrasound leading edge interface between lumen and plaque. The per cent area stenosis and per cent diameter stenosis were calculated using the lumen and vessel measurements from a single selected section. In ruptured plaques, the thickness of the fibrous cap, the tear size, the plaque size, and the size of emptied plaque cavity (echolucent, contrast medium filled area) were measured and the plaque cavity to plaque size ratio was calculated. The site (location) of the rupture in the plaque on the IVUS image was analysed according to a previous necropsy study. 17 In non-ruptured plaques, we measured the echolucent zone size (indicating lipid core) 11 ; the thickness of the fibrous cap over the echolucent zone (distance from the lumen to the beginning of the echolucent zone); and the plaque size. The echolucent zone to plaque size ratio was then calculated.
The location of calcium deposits (superficial or deep) within the plaque was also evaluated. The severity of the calcification, according to the distribution and extent, was divided into the following five types: 0, no calcium present; I, one quadrant < 90°; II, two quadrant (91°to 180°); III, three quadrant (181°to 270°); IV, four quadrant (271°to 360°). 18 Plaques are considered to be eccentric when the ratio of the thickest portion to the thinnest portion was more than 2.0.
CORONARY ANGIOGRAPHY AND ANGIOGRAM
ANALYSIS
Siemens HICOR biplane catheterisation equipment was used for diagnostic coronary angiography (Siemens, Erlangen, Germany). All the angiograms are stored on laser disk. Coronary angiograms were assessed by two operators during coronary angiography and documented on hard copies. The angiographic characteristics were analysed according to the method described by Ambrose and colleagues 7 : Concentric lesions-Symmetrical hourglass coronary artery narrowing; the borders are smooth or only slightly irregular.
Eccentric lesions-Eccentric narrowing with smooth (type I) or irregular (type II) borders.
Multiple irregularities-Three or more serial closely spaced narrowings or severe diVuse irregularities within a vessel. 7 Coronary aneurysm was defined when the maximum lumen diameter was 1.5 to 2 times larger than that of the adjacent proximal segment. 19 20 
STATISTICS
All the measurements and calculations were analysed using the WinStat (Statistics for Windows) and Primer statistic programs (McGraw-Hill). All the data are expressed as mean (SD). A Student's t test analysis was used to assess the diVerences between the groups with and without plaque rupture. A p value < 0.05 was considered statistically significant.
Results
CLINICAL CONSIDERATIONS
Of the 144 patients studied, the IVUS images were suitable for analysis in 139 (97%). The patients were then divided into two groups ( fig  4) according to whether or not a patient had echocardiographic signs of plaque rupture. Thirty one of the 139 patients (22%; group A) were found to have plaque rupture (types I and II): 15 in the left anterior descending coronary artery, 14 in the right coronary artery, one in the left main coronary artery, and one in a left anterior descending artery bypass. No plaque ruptures were found in the other 108 patients (78%; group B). The clinical details and characteristics of the two groups are listed in table 1. Unstable angina was present in 23 of the 31 2) . Plaque ulcerations (type II) presented as a sac in the plaque, which was represented angiographically by a small aneurysmal bulge (fig 3) . An echolucent zone was present in 49 (45%) of the 108 patients without plaque rupture. Data on calcium deposits (superficial or deep) and plaque morphology (eccentric and concentric) in the two groups are compared in table 2. No diVerences were found in relation to superficial calcium deposits. Deep calcium deposits, however, were more common in group B (p = 0.019). Although eccentric plaques appeared more often than concentric plaques in both groups (94% v 64%), they were more common in ruptured plaques (p < 0.01).
The localisation of the rupture is shown in fig 6. The tear was frequently located at the lateral margin of the plaque (55%). A central localisation was found in 26%.
QUANTITATIVE ANALYSIS OF PLAQUES
The vessel and plaque dimensions in both groups are listed in table 2. No significant differences between the two groups were found in relation to the vessel or plaque area. The mean (SD) per cent stenosis in patients with plaque rupture (56.2 (16.5)%) was less than in patients without plaque rupture (67.9 (13.4)%) (p < 0.001). The emptied plaque cavity area (4.1 (3.2) mm 2 ) in patients with (fig 7) . Similarly, the emptied plaque cavity to plaque size ratio in patients with plaque rupture (38.5 (17.1)%) was larger than the echolucent zone to plaque ratio in patients without plaque rupture (11.2 (8.9)%) (p < 0.001; fig 7) . The thickness of the fibrous cap in patients with plaque rupture (0.47 (0.20) mm) was less than in patients without plaque rupture (0.96 (0.94) mm) (p < 0.001; fig 7) . (fig 3) . Six patients (19%) who were interpreted as having coronary aneurysms actually had emptied plaques. The other 14 patients (45%) showed multiple irregularities or type II lesions. In group B, none showed angiographic aneurysmal dilatation or intimal flaps. Thirty seven (34%) of the 108 patients had concentric lesions, 59 (55%) had eccentric lesions, and the other 12 (11%) had multiple irregularities.
Discussion
We found that plaque rupture of some form can be identified using IVUS. Ruptured plaques are characterised by an echolucent zone within a plaque, with a thin membrane representing a fibrous cap (type I), or by deep ulceration in the plaque (type II). Most ruptured plaques were eccentric lesions. Based on our results, the key indices related to plaque rupture seem to be lipid core size, the lipid to plaque size ratio, and the thickness of the fibrous cap. A lipid core larger than 1 mm 2 or a lipid core to plaque ratio greater than 20% and a fibrous cap thinner than 0.7 mm correlated well with plaque rupture. Such plaques, if not already ruptured, may be called "plaques at risk" (vulnerable plaques). Similar observations are also reported in necropsy and atherectomy specimens where the lipid core that occupies a high proportion of overall plaque volume and a thin cap are indicators of the vulnerability of the plaque. [21] [22] [23] [24] However, the IVUS measurement is not exactly in accord with the pathological observations. 21 Part of the discrepancy may reflect the IVUS technology currently available.
Coronary angiography, a contour technique that portrays only the silhouette of the contrast filled lumen with little information about the vessel wall, can detect only about one third of patients with plaque rupture. This indicates that the majority of the ruptured plaque would not be visible with this technique, for example the lesion in fig 2, when the fibrous cap is too thin.
No significant diVerence in relation to plaque size was found between groups A and B. These findings are in agreement with the pathological finding that plaque rupture depends on plaque type (composition) rather than on plaque size. 1 2 25 Nevertheless, a significant diVerence between the two groups was found for per cent stenosis. This might reflect plaque reorganisation during the long atherosclerotic process in group B. In patients with plaque rupture, the per cent luminal narrowing was less than in patients without plaque rupture. This correlates well with the theory that disruption of plaques occurs in nonstenotic arteries 26 27 and endothelial denudation occurs in chronically stenotic arteries. 28 Deep calcification was more common in group B than in group A. This finding accords with the pathological observation that stable plaques are more often calcified. 26 In our study, only 31 of 139 patients (22%) were found to have plaque rupture. However, in histopathological studies, plaque disruption has been reported in a ratio of 3 to 1 in one study 28 and 1.3 to 1 in another. 29 This discrepancy might be attributed to the selection process for specimens.
As early as 1926, Benson described thrombus formation after plaque rupture in coronary arteries. 30 Several pathologists have subsequently observed the same phenomenon. [31] [32] [33] [34] Initially, thrombus formation was misinterpreted as thrombus squeezed into the ruptured plaques. 35 With IVUS, plaque rupture can be visualised in vivo. 36 Recently, we demonstrated for the first time in vivo that plaque disruption reseals silently. 15 This provides strong support for the hypothesis that plaque rupture and healing play an important role in the process of progression and regression of atherosclerosis.
1-3
Not surprisingly, pathological studies have shown that there are layered thrombi overlying fissured plaques in most patients with unstable angina, leading to infarction or sudden death, and suggesting that most thrombi are formed by repeated mural deposits which progress to total vascular occlusion.
1-3 37 38 Serial morphological observations using intracoronary ultrasound may help to improve our knowledge of the mechanisms underlying the progression and regression of atherosclerosis, which is still poorly understood. On the other hand, the excavated material from the ruptured plaque may embolise peripherally as thrombotic or plaque material to be found in the distal microvascular coronary bed. 39 40 Intermittent thrombus fragmentation may also result in peripheral embolisation (microemboli) with the same results. 38 40 Since this process of plaque rupture and intermittent thrombus formation may occur silently-that is, without clinical symptoms-not all patients present with severe coronary syndromes. This is confirmed by our observation that eight patients with plaque rupture (26%) presented with clinically stable angina. On the other hand, not all plaques with a lipid core show type I or II rupture characteristics when visualised by IVUS. This indicates these plaques may stay quiet for a while before rupturing. Part of the limitation may reflect the lack of resolution of the current ultrasound catheter systems, as mentioned above. Our data showed that a large percentage of patients with ruptured plaque have unstable angina, which strongly supports the conclusions derived from pathological observations.
THE SITE OF THE RUPTURE
Plaque rupture is aVected by numerous factors, including increased shear stress injury, 41 turbulent plaque injury, 42 transient collapse of the stenosis, 43 rupture of vasa vasorum, 44 and circumferential stress within the plaque. 17 45 The site of rupture depends on the plaque morphology and its composition. [45] [46] [47] Van der Wal et al reported that inflammation may destabilise the fibrous cap tissue and result in plaque rupture. 48 A recent study showed that macrophages play a significant role in plaque rupture because they may release lytic enzymes that degrade the fibrous cap, causing the atherosclerotic plaques to rupture. 23 Our findings are in agreement with the observations of Richardson et al that the tears frequently occurred at the lateral margin of the plaque (fig 6) . 17 There are discrepancies relating to superficial tears and ulceration. IVUS data in the present study showed a lower percentage of superficial tears than pathological examination, detecting plaque ulceration in 10% of the patients. This may reflect the resolution of current intravascular ultrasound, which is in the range of 150 to 200 µm.
ROLE OF PLAQUE RUPTURE IN THE PROCESS OF PLAQUE PROGRESSION
Following plaque rupture blood enters the emptied plaque and the exposed subendothelial tissue triggers the thrombotic process described above. Exposure of subendothelial tissue may result in platelet accumulation, which in turn may result in release of platelet derived growth factor and lead to smooth muscle cell proliferation. 49 The latter may account for progression of atherosclerosis. If the host wins in this battle, then in several episodes the plaques stabilise and there may be calcium deposits or fibrosis. 41 If the coagulation system wins, with or without the help of vascular spasm in that segment, then clinically acute coronary syndromes result. 38 40 The observation in our study that per cent stenosis in patients with stable plaques was greater than in patients with unstable plaques may also be in agreement with this hypothesis.
LIMITATIONS OF THE STUDY
We visualised only the main epicardial coronary arteries and not the side branches, and thus may have underestimated the true incidence of plaque rupture. Nevertheless, coronary atherosclerosis most often involves the proximal portion of the coronary arteries, usually opposite the branches. 50 Thus the underestimation seems likely to be insignificant. With IVUS, it may be diYcult to identify a ruptured plaque when the rupture is covered or filled by echoreflectant mural thrombi. The events after plaque rupture may be followed by total or subtotal vessel occlusion by thrombus formation. Plaque rupture may also be followed by plaque reorganisation, as mentioned above. This situation may be detected by the indirect sign of a layered appearance over the plaque. 34 Preliminary studies on tissue characterisation in vitro have shown that thrombi result in clearly diVerent backscatter signals in comparison with fibrous tissue and lipid accumulation. This will enable us to diVerentiate diVerent types of tissue in the future.
CLINICAL IMPLICATIONS
Plaque rupture is the key event leading to acute coronary syndromes. Identification of plaque rupture is therefore very important in patient management and for improving prognosis. For the first time, the anatomical pathology and natural history of plaque rupture can be studied in vivo. The future studies should aim at the identification of the "plaque at risk" (vulnerable plaque) before it ruptures and provide morphological evidence of the development of coronary syndromes as well.
